In the United Kingdom alone, approximately 8000 new cases of renal cancer are diagnosed each year and 3800 die of their disease (www.cancerresearchuk.org, 2011) . Overall survival is poor, even for those patients who undergo resection; the estimated 5-year survival rate is only 50%.
Treatment options are limited when there is evidence of inoperable metastatic disease. Cytotoxic chemotherapy has a minimal activity and is rarely used (Stadler et al, 2003) . Immunotherapy has been demonstrated to provide a modest survival benefit but is associated with high levels of toxicity (Motzer et al, 2002; Coppin et al, 2005) . At present, the mainstay of drug therapy for advanced renal cancer involves the sequential use of vascular endothelial growth factor receptor tyrosine kinase inhibitors (such as sunitinib, pazopanib and sorafenib) and inhibitors of mammalian target of rapamycin (such as everolimus or temsirolimus). Despite these recent advances, the outlook for these patients remains poor with little prospect of a cure. Sustained efforts continue to identify activated signalling pathways in renal cancer in order to develop further appropriate targeted therapies.
One potential molecular target is the non-receptor tyrosine kinase Src, the first identified human proto-oncogene. Src kinase has a role in signal transduction of multiple oncogenic cellular processes including migration, adhesion, invasion, angiogenesis, proliferation and differentiation and has significant interactions with other cellular proteins such as growth factor receptors (Kopetz et al, 2007) . Src kinase is the prototypical member of the Src family kinase (SFK), with a total of eight members expressed in mammalian cells (Src kinase, Blk, Fgr, Fyn Yes, Hck, Lck and Lyn) . Src kinase is composed of a C-terminal tail, kinase domain, two protein-protein interaction domains (SH2, SH3) and a unique amino-terminal domain that varies between Src family members. Src kinase is activated by a number of pathways. Classical activation of Src kinase occurs by an initial dephosphorylation of a conserved tyrosine residue in the C-terminal domain known as the negative regulatory region (Y 530 ) and followed by a subsequent autophosphorylation of the Y 419 site in the kinase domain (Cooper and Howell, 1993; Engen et al, 2008) . Both these events are required to occur before the kinase can be considered fully activated. Consequently, antibodies to phosphorylated Src kinase at the Y 419 site can be used as a marker for activated Src kinase (Campbell et al, 2008) . In addition, when SFK's are activated, several downstream markers such as focal adhesion kinase (FAK) are phosphorylated and could therefore act as biomarkers for SFK activation (Nam et al, 2005) . Focal adhesion kinase is phosphorylated at several sites by Src such as Y 397 , Y 576 and Y 577 but it has been reported that the Y 861 is the major site of phosphorylation in the carboxyl-terminal domain of FAK (Schaller et al, 1994; Calalb et al, 1995; Calalb et al, 1996) .
There is much evidence showing that levels of SFK are elevated in various malignancies such as the prostate, breast, colon and lung (Bolen et al, 1987; Verbeek et al, 1996; Masaki et al, 2003; Tatarov et al, 2009; Elsberger et al, 2010a) . Specifically, elevated levels of Src and Lyn (a SFK member) have been observed in breast cancer, and expression of Src was associated with decreased survival (Elsberger et al, 2010a) . Src expression does not always correlate with poor survival, it has been reported that Src expression and activity decreases with bladder tumour stage (Fanning et al, 1992; Blaveri et al, 2005; Sanchez-Carbayo et al, 2006; Wu et al, 2009; Thomas et al, 2011) and grade (Qayyum et al, 2012) . Expression of Lyn has also been associated with malignancies including the breast, colon and prostate (Bates et al, 2001; Choi et al, 2010) .
Previous studies have suggested that the Src kinase family member, Src kinase is involved in the progression of urological tumours (Edwards et al, 2003; Tatarov et al, 2009) . Currently Saractinib (AZD05300), an oral Src inhibitor, is being utilised in a phase II trial in renal cancer (COSAK trial).
The aim of the current study is to investigate that whether any of the SFK members are expressed in renal cell carcinoma and to assess whether Src kinase expression and activation status is associated with poor prognosis.
MATERIALS AND METHODS
A total of 19 clinical specimens were utilised for real-time quantitative PCR (RT-PCR). This consisted of malignant tissue taken from renal cell carcinoma patients at the time of resection. Those specimens were utilised where all tissue was removed at the time of surgery and radiological imaging before surgery showed no evidence of metastatic spread of disease. The Research Ethics Committee of West of Scotland has approved the study.
Real-time quantitative PCR was utilised to determine mRNA expression of the SFK members. At the time of resection, representative parts of malignant tissue were identified, snapfrozen and stored in liquid nitrogen. Total mRNA was extracted from 5-10 mg of renal cell cancer tissue using the TRIZOL method according to manufacturer's protocol (Invitrogen, Paisley UK). RNA quality and quantity was examined by UV spectrometry (GeneQuant analyser, GE Healthcare, Little Chalfont, UK).
Once RNA quality and quantity had been assessed, to ensure that no other DNA was present, DNA-free DNAse treatment and removal reagent kit was added (Applera, Warrington, UK). Before incubation for 30 min at 37 1C, to ensure that the same volume of cDNA was being utilised for quantification, a starting concentration of 1000 ng of RNA was applied for each sample. Random hexamer primers (50 ng) were used for first-strand cDNA synthesis using SuperScript II RT according to manufacturer's instructions (Invitrogen). Before using cDNA for PCR amplification, 2 units of RNase H were added to samples and incubated for 20 min at 37 1C. Real-time quantitative PCR was performed using an ABI Prism 7900 Sequence Detection System (Applied Biosystems, Paisley, UK) and TaqMan Gene Expression Assays. For the TaqMan Gene Expression Assays the manufacturer's protocol with recommended 40 rounds of amplification was applied. Thermal cycler condition were 50 1C for 2 min, 95 1C for 10 min followed by 40 Â 95 1C for 15 s and 60 1C for 1 min.
Quantitative values were obtained from the threshold cycle (C t value) at which the increase in TaqMan probe fluorescent signal associated with an exponential increase of each individual PCR product reaching a fixed threshold value. Each individual primer had a fixed threshold C t value (Table 1) . These fixed threshold values were used for every cDNA sample. Negative controls for each primer were included in each run.
To enable the comparison of different mRNA expression levels, their relation to the average expression level of two housekeeping genes (GAPDH, glyceraldehydes-3-phosphate dehydrogenase and HPRT, hypoxanthine-guanine phosphoribosyl transferase) were evaluated. The housekeeping gene with the lowest s.d. (GAPDH) was used for evaluation of the mRNA expression levels. Data were analysed using the Sequence Detection Software (Applied Biosystems), this calculated the threshold cycle (C t ) value. The expression of the target assay was normalised by subtracting the C t value of the housekeeping gene from the C t value of the relevant target assay. The fold increase, relative to the control, was obtained by using the formula 2 À DC t , and then expressed as a percentage ( Â 100). All samples were measured in tripiclates.
Statistical analysis
Differences in expression levels were analysed using the MannWhitney U-test or Kruskal-Wallis test, including a Wilcoxon-type test for trends, when appropriate.
Immunohistochemical staining was utilised in a cohort of 57 patients diagnosed with clear cell renal cancer. These patients had undergone complete resection of the tumour at time of nephrectomy and preoperative CT scans showed no evidence of regional or metastatic spread. Patients were staged pathologically and graded according to the TNM classification and Fuhrman grading, respectively. Cancer-specific survival rate was the time from diagnosis until time of death or last follow-up. The cause of death was determined by linkage through the Scottish Cancer Registry. In those who were deceased, if the primary cause of death was of renal cancer, these were classed as cancer-specific and all other causes were non-cancer-specific deaths.
Immunohistochemical (1 : 200). Signal was amplified and visualised using the DAKO Envision Kit (DAKO Cytomation) and the chromagen 3,3 0 -diaminobenzidine (Vector Laboratories). Sections were counterstained, dehydrated and mounted. In each run a positive and negative isotype-matched control was included to ensure no falsepositive staining or intense stromal staining.
Immunohistoscore
Protein expression for tumour cells was assessed over the full tissue specimen using the weighted histoscore method (Kirkegaard et al, 2006) . The weighted histoscore grades staining intensity as negative (0), weak (1), moderate (2) and strong (3), then multiplication of the percentage of tumour cells within each category. Two observers independently scored all tissue sections. Each cellular location was independently assessed for any evidence of expression ( Figure 1 ). Tumours were then divided into those with high (above median) histoscore or low (below or equal to the median) histoscore expression as has previously been reported (Elsberger et al, 2009 (Elsberger et al, , 2010b Qayyum et al, 2012) for the purposes of analysis. Agreement between observers was excellent (40.9) for all proteins investigated as measured by interclass correlation coefficient.
Statistical analysis was undertaken using SPSS (Chicago, IL, USA). Cancer-specific survival rates were generated using the Kaplan-Meier method. The log rank test was utilised to compare significant differences between subset groups using univariate analysis. Multivariate analysis was carried out based on the results of the univariate analysis. Multivariate Cox regression analysis was performed to identify those factors that were independently associated with cancer-specific death. A stepwise backward procedure was utilised to ascertain which of the variables had a significant independent relationship with survival. w 2 analysis was utilised to assess relationships between pathological parameters and the biomarkers at the various locations. Pearson correlation was utilised to assess whether relationships could be identified between the various proteins at the various cellular locations. Po0.004 were deemed significant according to Bonferroni's correction.
RESULTS
The cohort for RT-PCR analysis consisted of 19 renal cell cancers. Median age of diagnosis was 60 years (range 42-72). Table 2 demonstrates clinicopathological parameters of these patients.
The most highly expressed SFK member in renal cell cancer tissue was Src followed by Lyn, Hck, Fgr and Fyn (Table 1, Figure 2 ). The least expressed SFK member was Blk.
When analysing SFK members in correlation to T stage, expression of Yes and Blk was significant (P ¼ 0.039, P ¼ 0.045, Figure 3 ). Interestingly, higher expression of all SFK members was observed in T2-stage disease (Figure 3) . Expression of Lck, Lyn, Fyn, Blk and Yes showed a significant decrease between T2 and T3 disease (P ¼ 0.032, P ¼ 0.032, P ¼ 0.032, P ¼ 0.032, P ¼ 0.032).
When analysing SFK member expression in correlation with tumour grade, no significant difference was observed (Figure 4 ).
Immunohistochemical analysis was based on 57 clear cell renal cancer patients with full clinical follow-up. Table 2 demonstrates clinicopathological parameters of these patients. Median age at diagnosis was 60 years (range 41-80). Median follow-up was 107 months (range 0.1-163). A total of 22 patients died of their disease. In all, 38 patients had T1/2 disease and 19 patients had T3/4 disease. Tumour volume was recorded for each case; median tumour volume was 9.8 cm 3 (range 1-30 cm 3 ). Overall, 25 patients subsequently had evidence of recurrence on radiological imaging.
Initial analysis was performed on clinicopathological features, which are known prognostic indicators for survival in renal cancer. T stage and nuclear grading were significantly associated with poor prognosis, thus demonstrating that this cohort was associated with classical clinical parameters and validating it for use in a biomarker study (Table 3 ).
• c-Src 
c-Src kinase
As c-Src was the highest expressed of all the family members at the mRNA level, expression at the protein level was further investigated. Of the tumours investigated, 98% showed some degree of nuclear expression, 100% showed some degree of cytoplasmic expression and 97% showed some degree of membrane expression. For the purposes of analysis, the median cutoff values of expression at the different cellular locations was utilised, those below and equal to the median score were given a low expression and those above the median were given a score of high as mentioned in the methodology. For nuclear expression this value was 25, cytoplasmic expression was 115 and membrane 100. w 2 analysis demonstrated that cytoplasmic c-Src kinase expression positively correlated with nuclear grade (P ¼ 0.023, (Table 3) . However, a trend was observed between high membrane c-Src kinase expression and improved disease-specific survival, those patients expressing high membrane c-Src kinase had a median survival of 130 months compared with 97 months for those with low expression, this did not however reach significance (P ¼ 0.097, Figure 5A ). On univariate analysis, expression of Src kinase at any of the cellular locations investigated was not significantly associated with disease-specific survival (Table 3) . Pearson correlation demonstrated that cytoplasmic c-Src kinase expression demonstrated a positive correlation with nuclear c-Src kinase expression (P ¼ 0.0022, Table 5 ).
Y 527 Src kinase
Phosphorylated Src Y 527 was investigated. Of the tumours investigated 47% showed some degree of nuclear expression, 96% showed some degree of cytoplasmic expression and 93% showed some degree of membrane expression. Figure 5B ). This association was also independent on multivariate analysis (hazard ratio 3.35, 95% CI 1.40-7.98, P ¼ 0.006, 
DISCUSSION
We have reported for the first time to our knowledge that SFK members are not only expressed in renal cell carcinoma but are The role of Src kinase in renal cancer T Qayyum et al expressed to varying degrees. Of the SFK members, Src is the most highly expressed followed by Lyn, Hck, Fgr and Fyn. Src has a five-fold higher expression than the least SFK member expressed. We have also reported that there is a significant fall in expression of Lck, Lyn, Fyn, Blk and Yes between T2 and T3 disease. Despite having a limited cohort group, we have shown that there is a significant difference in expression of several SFK members between T2 and T3 disease. In renal cancer, T2 disease is still organ confined with T3 disease invading perinephric fascia and/or the adrenal gland. Src kinase has a role in signal transduction of multiple oncogenic cellular processes including migration and invasion. We hypothesise that SFK members are being upregulated at a time when the cancer is going beyond being organ confined and starting to metastasise after which upregulation is no longer required as the cancer has metastasised.
Expressions of SFK members have been demonstrated in a variety of tumours (Bolen et al, 1987; Verbeek et al, 1996; Masaki et al, 2003; Tatarov et al, 2009; Elsberger et al, 2010a) . Specifically, expression of Src and Lyn have been demonstrated to be elevated in breast and colon cancer (Bates et al, 2001; Choi et al, 2010; Elsberger et al, 2010a) . When assessing activity of SFK members, it has been demonstrated that increased expression of Src is associated with poor survival in breast cancer (Elsberger et al, 2009 (Elsberger et al, , 2010a , whereas expression of Src is associated with improved clinical outcome in bladder cancer (Fanning et al, 1992; Thomas et al, 2011; Qayyum et al, 2012) .
Given that the cohort size was limited, significant correlations could not be observed between expression of a particular member and survival. Even if a SFK member is expressed, this does not necessarily constitute activity.
Therefore, to gain a better understanding of Src and SFK activation we established a cohort of patient samples to allow us to assess expression and establish correlations with clinical parameters.
To our knowledge, this is the only study investigating the role of Src kinase expression, phosphorylated status (Y 527 ), autophosphorylation status (Y 419 ) and the downstream marker FAK Y 861 in clear cell renal cancer. Src family kinase can be localised at different cellular locations with the inactive form localised at the perinuclear region of cells (Fincham et al, 2000) . Much work has been conducted in breast cancer which has reported high cytoplasmic Src kinase levels being associated with shorter disease-specific survival (Wilson et al, 2006) and high expression of activated Src kinase being associated with increased risk of recurrence (Elsberger et al, 2009 ). In addition, prostate cancer studies have demonstrated that Src kinase expression and activation is associated in quicker time to relapse and shorter disease-specific survival (Tatarov et al, 2009 ). Therefore, current literature supports a role for Src as a negative prognostic marker in solid tumours.
In contrast to the current study, w 2 analysis demonstrates that membrane Src kinase expression was negatively associated with recurrence and a trend towards improved survival was also observed. These results require confirming in a larger patient cohort; however, the combination of reduced recurrence and improved survival being associated with Src kinase expression suggests that Src kinase might not be responsible for driving progression in renal cancer. Although Src expression itself might not be involved with renal cancer progression, activation of the Src or other Src family members might be involved.
It has been suggested that a biomarker for prediction of Src kinase activity would be to measure phosphorylation of the protein at a site associated with activity (Bolen et al, 1987; Masaki et al, 1998) . Currently, there are two sites within Src known to be associated with activation. Phosphorylation of the tyrosine residue 530 on the c-terminal tail by Csk tyrosine kinase acts as a negative regulatory protein-binding site, keeping Src kinase in a closed confirmation (Roskoski Jr, 2005) . Upon dephosphorylation this allows Src kinase to undergo a transformational change allowing the second site of activation, Y 419 , to be accessible, which needs to be autophosphorylated before full activation of Src kinase. Y 419 is referred to as the classical site and is the most commonly used in cell line studies investigating the functional relevance of Src kinase activation (Finn et al, 2007) 416 when assessed at individual locations was shown to have no correlation to disease-specific survival. This antibody is not specific for one particularly Src family member as this part of the sequence is highly conserved between Src family members making it impossible to produce an antibody specific for only one member. Therefore, as the antibody cross reacts with all family members that are phosphorylated at this site, this could account for the lack of correlation with disease-specific survival.
Autophosphorylation of FAK at the Y 397 site occurs as a result of many stimuli, thereby creating a high affinity binding site for the Src homology 2 domain of several proteins including Src kinase (Schaller et al, 1994; Calalb et al, 1995) . Src phosphorylates FAK at several sites but it has been reported that the Y 861 is the major site on the FAK domain associated with activation (Calalb et al, 1996) , and therefore may be used as a surrogate marker not only for SFK activation but also for SFK function (Nam et al, 2005) .
Expression of cytoplasmic Y 861 was associated with reduced disease-specific survival and positively correlated with T stage, nuclear grade, recurrence and tumour volume, suggesting that the phosphorylation of Y 861 may be associated with more aggressive renal cancers (Table 3) . Expression of cytoplasmic Y 861 positively correlated with membrane Y 416 , further suggesting that of the Src kinase family members, c-Src kinase may not be responsible for the phosphorylation at the Y 861 site in clear cell renal cancer, therefore implicating a role for an alternative SFK member in renal cancer progression.
The current study has demonstrated that c-Src is the most highly expressed SFK member in renal cell cancer. Activation of c-Src kinase itself is associated with improved survival but the presence of the downstream marker FAK, itself a surrogate marker for SFK member activation, is associated with decreased cancerspecific survival, suggesting that another SFK member is responsible for poor survival in renal cell cancer.
